The Al-Al thermocompression bonding is studied on test structures suitable for wafer level packaging of MEMS devices. Si wafers with protruding frame structures have been bonded to planar Si wafers all covered with a 1 µm sputtered Al film. The varied bonding process variables were temperature (400 °C-550 °C), bonding force (18-36 kN) and frame widths (100 µm, 200 µm, rounded or sharp corners). The delamination caused by dicing and pull tests is systematically studied. It is concluded that bonding is incomplete at 400 °C, with a low dicing yield. The quality of the bonding is increased by increasing bonding temperature and force as expected. The fractured surfaces and the bonding strength have been studied in detail. The test structures showed an average strength of 20-50 MPa for bonding at or above 450 °C. The current study indicates that strong Al-Al thermocompression bonds can be achieved at or above 450 °C for a typical MEMS bond frame.
INTRODUCTION
Wafer level packaging (WLP) is an important technology for packaging of micro electromechanical systems (MEMS) and nano electromechanical systems (NEMS) [1] . It refers to the technology of packaging a sensor or an integrated circuit at wafer level [2] , instead of chip scale packaging, the process of assembling the package of each individual unit after wafer dicing. WLP can offer reduction in cost, give high throughput and increased reliability by high-quality front-end sealing.
Among a variety of bonding techniques, Si fusion bonding [3] , anodic bonding [4] , adhesive bonding [5] , and glass frit bonding [6] are commonly used. However, they are not suited for all applications. Fusion bonding requires annealing temperatures of ~600-1100 °C; moreover it also requires extreme surface flatness (below 3-5 Å) [7] . High voltage (negative 600-1000 V) and moderate temperature (~400 °C) are required in Anodic bonding [7] , and the use of glass wafers may add problems related to thermally induced stress. Adhesive bonding can suffer from lack of hermeticity. Glass frit bonding has a limitation on the possible feature size in the range of 190 µm with a minimum spacing of 100 µm [6] .
Wafer-level thermocompression bonding is a promising technique for MEMS packaging, using metals such as Au [8, 10] , Cu [9, 10] and Al [10, [11] [12] [13] [14] as the bonding layer between two silicon wafers. Some advantages this bonding technique may offer over other bonding methods are: a reduction of the MEMS die size, electrical interconnects between the two wafers, and improved vacuum control inside the sealed cavity. In thermocompression bonding, metallic bonds are formed between metal deposited substrates, by bringing them into intimate contact and simultaneously applying temperature and pressure [10] . Temperature and pressure applied together helps in the diffusion of metal atoms between the surfaces, due to atomic contact between both substrates. Applied pressure should be high enough to bring both wafers in contact despite of surface roughness. The result is a strong and hermetic bond.
Among different metals, Al is especially attractive because of its compatibility with Si fabrication. Successful Al thermocompression bonding has been reported but only limited details of bonding parameters for patterned wafers have been presented [10] [11] [12] [13] [14] . The present investigation is a systematic study of the bond temperature and pressure dependence of Al-Al thermocompression bonding on test structures, suitable for wafer level packaging of MEMS devices.
EXPERIMENTAL
Si wafers (150mm diameter) were used for thermocompression bonding. 6 µm high protruding structures/frames of three different shapes and sizes were realized on silicon wafers by deep reactive ion etching, applying an AMS200 I-Productivity (Alcatel). 100 µm and 200 µm wide frames with square corners named F100 and F200, respectively, plus 200 µm wide frames with rounded corners, named F200R, were fabricated on the wafer. All structures spanned an area of 3×3 mm 2 . A top view of the three designs is shown in Figure 1 . Bonding area for 100 µm frames was 1.16 mm 2 , 200 µm frames with square corners was 2.24 mm 2 and 200 µm frames with rounded corners was 2.14 mm 2 . The total wafer bonding area was 525 mm 2 . A plain Si wafer was used as cap wafer. RCA clean including 10 sec HF dip was done on all wafers. 1 µm thick 100 % Al was deposited on both patterned and plain wafer types. Prior to Al deposition, back sputter etch was done, to ensure the cleanliness and T3P.038
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Wafer laminates were made by bonding patterned and cap wafers together in an EVG®510 bonder. Crosssectional view of a bonded die is illustrated in Figure 2 . The bonding/lamination was done in vacuum ambient with a chamber pressure of <1e-3 mbar at temperatures of 400 °C, 450 °C, and 550 °C respectively. Bonding forces of 18 kN and 36 kN, corresponding to a bonding pressure of 34.28 MPa and 68.57 MPa, respectively, were applied for all three temperatures for 1 hr.
After the bonding process, laminates were diced into individual dies of 6×6 mm 2 using a dicing saw DAD321 (Disco). The dicing yield, defined as the percentage of dies that were not de-laminated after the dicing process, was recorded.
Figure 2: Cross-sectional view of a bonded chip. On top is the cap wafer bonded to patterned wafer (bottom) having different frame designs.
The bond strength was measured by pull testing of bonded dies. 12 non-delaminated dies from different positions of all laminates were pull tested using a MiniMat2000 (Rheometric Inc.). It is to be noted that, before selection of pull tested dies, there was also a preselection of dies through the dicing process. In pull testing, elongation versus applied force was recorded, and the fracture force was noted. The bond strength was calculated by dividing the fracture force by total bonding area on the die. The fractured surfaces of the pull-tested dies were studied and characterized by optical microscopy. Pull tested dies had fracture in the bond frame area; the fracture can be cohesive or adhesive in silicon or aluminum. The percentage of the nominal bonding area having a cohesive fracture in bulk Si was estimated on each die and designated as cohesive fracture number (CFN).
RESULTS
The roughness of the Al surface measured was approximately 1.5 nm (rms) for both top and bottom wafers. The dicing yield results of all three frame types at both 18 kN and 36 kN bond forces are illustrated in Figure 3 and 4. For 18 kN bond force, dicing yield of all three frame designs was below 50 % at 400 °C, in range of 80-91 % at 450 °C, while 100 % at 550 °C. Dicing yield for all designs was below 40 % at 400 °C and almost 100 % at 450 °C and 550 °C for 36 kN bond force. Figure 5 shows typical fractured surfaces after pull test for the F200R frame for all bond forces and temperatures. Figures 6 and 7 show the amount of cohesive Si fracture represented by the average CFN at the two bonding forces, respectively. The error bars in the The results of the pull test measurements of bonded frames are shown in Figures 8 and 9 . Here also, the error bars represent the standard deviation of the measured values. The standard deviations are larger than the differences between the data points. The highest measured bond strengths were found for 450 °C bond temperature. The trends in the bond strength are otherwise weak compared to the standard deviations. There were no correlations between CFN and bond strength for individual dies. 
DISCUSSION
The dicing yield was below 50 % at 400 °C for both bond forces and all frame designs, indicating incomplete bonding. The dicing yield increased with increasing bond temperature. For 550 °C almost 100 % dicing yield was obtained for both bond forces, indicating strong bonding. The very strong temperature dependence on successful Al-Al thermocompression bonding is in line with Dragoi et al. [11] . However, in our study, 450 °C seems to be a sufficiently high temperature while Dragoi et al. report a threshold temperature between 450 °C and 500 °C. The difference might be related to different design and resulting bond pressure, i.e. bond frames vs. blanket wafer. Yun et al. [12] also reports a high dicing yield at a bonding temperature of 450 °C.
We observe an increase in dicing yield with increasing bond force for 450 °C as seen from Fig. 3-4 . The F100 design showed the highest bond strength for all parameters. The reason may be the increase in local bond pressure due to less total surface area of the F100 frames. The low CFN observed for F200R frame design ( Figures  6-7 ) might be because of low local stress due to lack of sharp corners in the design.
Diffusion between the two Al surfaces is necessary for obtaining a strong bond. This diffusion requires cracking of the Al native oxide [14] , and an intimate contact of opposing rough surfaces by plastic deformation. Our data indicate that this is accomplished by the combination of bonding temperature of 450 °C and a bonding pressure of 34 MPa. We expect a strong bond to have high CFN, indicating that the bond has similar strength to bulk Silicon. Figures 6 and 7 show increasing CFN with increasing bond temperature. However, there was no correlation between CFN and bond strength for individual dies. We also observed CFN below 40 % when the dicing yield was above 80 %, indicating strong bonding. The bonding strengths from the pull test results were not statistically significantly different for bond parameters giving high and low dicing yield. These observations can be discussed together with the observation that the Si fracture always occurred at the foot of the protruding frame. It is a geometric location for stress accumulation in the structure. We generally do not know the location of the fracture initiation. However, the results indicate that the fracture resistance of the protruding Si frames after bonding can be lower than a completely bonded Al-Al interface, as well as lower than an incompletely bonded frame interface during de-lamination (when stresses are transferred). The fracture resistance of the frames is clearly lower than that of a Si rod under pull-test, though the strength itself may be adequate for most applications. An understanding of the fracture of the frames and possible influences of processing will require further investigation.
CONCLUSION
Al-Al thermocompression bonding was investigated for different bond frames with varying bonding temperature of 400 °C, 450 °C, 550 °C and force of 18 kN and 36 kN. Dicing yield and cohesive Si fracture results shows incomplete bonding at 400 °C and complete bonding at 550 °C. Bonding at 450 °C gives a high dicing yield, high cohesive Si fracture as well as the highest recorded bond strength. Increasing the bonding force from 18 kN to 36 kN seems to increase the bond quality.
It can be concluded that strong Al-Al thermocompression bonds can be achieved at or above 450 °C for a typical MEMS bond frame. For some practical devices this temperature may be too high, therefore the effect of native oxide and surface roughness should be studied further to achieve successful bonding at a lower temperature.
